Neuronal activity is altered in several neurological and psychiatric diseases. Upon depolarization not only neurotransmitters are released but also cytokines and other activators of signaling cascades. Unraveling their complex implication in transcriptional control in receiving cells will contribute to understand specific central nervous system (CNS) pathologies and will be of therapeutically interest. In this study we depolarized mature hippocampal neurons in vitro using KCl and revealed increased release not only of brain-derived neurotrophic factor (BDNF) but also of transforming growth factor beta (TGFB). Neuronal activity together with BDNF and TGFB controls transcription of DNA modifying enzymes specifically members of the DNA-damage-inducible (Gadd) family, Gadd45a, Gadd45b, and Gadd45g. MeDIP followed by massive parallel sequencing and transcriptome analyses revealed less DNA methylation upon KCl treatment. Psychiatric disorder-related genes, namely Tshz1, Foxn3, Jarid2, Per1, Map3k5, and Arc are transcriptionally activated and demethylated upon neuronal activation. To analyze whether misexpression of Gadd45 family members are associated with psychiatric diseases, we applied unpredictable chronic mild stress (UCMS) as established model for depression to mice. UCMS led to reduced expression of Gadd45 family members. Taken together, our data demonstrate that Gadd45 family members are new putative targets for UCMS treatments.
Introduction
DNA methylation is a powerful epigenetic mechanism to control transcription. In the central nervous system (CNS), DNA methylation is dynamically regulated and implicated in transcriptional responses associated with experience-and rewarddriven learning as well as memory formation (Miller and Sweatt 2007; Day et al. 2013) . The structural correlate of memories are neuronal circuits with strong synaptic connections that form after sustained and long lasting activity, the so-called long-term potentiation (LTP) (Whitlock et al. 2006) . A strong correlation between changes of DNA methylation levels and neuronal activity has been reported (Guo et al. 2011a; Machnes et al. 2013) . Alteration of DNA methylation has also been observed in different pathological conditions, including mood disorders such as depression (Córdova-Palomera et al. 2015; Haghighi et al. 2015; Kaut et al. 2015; Le François et al. 2015; Nemoda et al. 2015; Walker et al. 2016) , in which neuronal activity is also altered (Yao et al. 2014; Chen et al. 2015; El Mansari et al. 2015) . DNA methyltransferases (DNMTs) can function independently or together with histone modifications to allow learning and memory formation, and they mediate synaptic plasticity (Levenson et al. 2006; Miller and Sweatt 2007; Miller et al. 2008) . DNA demethylases were also shown to be involved in learning and memory. DNA demethylating enzymes are divided into 2 main groups, the growth arrest and DNA-damage-inducible (Gadd) family, consisting of the 3 genes Gadd45a, Gadd45b, and Gadd45g, and the Ten-eleven translocation 1 (Tet1), Tet2, and Tet3 enzymes. TET1 regulates a set of genes that transcriptionally increases in response to neuronal activity, such as immediate early activity genes like activity regulated cytoskeletal-associated protein (Arc), FBJ osteosarcoma oncogene (c-Fos), and neuronal PAS domain protein 4 (Npas4) (Kaas et al. 2013; Rudenko et al. 2013 ). TET3 controls Bdnf transcription and influences synaptic plasticity by regulating ionotropic AMPA1 glutamate receptor (GLUR1) localization at the synaptic surface. Thereby, overexpression of TET3 reduces excitatory postsynaptic currents (EPSC) (Yu et al. 2015) . Inhibition of DNMTs has similar effects by inducing synaptic upscaling, characterized by enhanced synaptic activity and increased amplitudes of EPSCs (Meadows et al. 2015) . GADD45B is involved in activity-induced increase in proliferation of adult hippocampal neural stem cells, and dendritic growth of newborn neurons. Deletion of Gadd45b abolishes DNA demethylation of Bdnf and Fgf-1b, thereby interfering with production and secretion of 2 crucial activity-dependent neurogenic factors (Ma et al. 2009b ). However, implication of Gadd45 family members in activity-dependent DNA demethylation has not been proven as yet.
DNA methylation alterations in learning paradigms are both rapid and dynamic (Miller and Sweatt 2007) , underscoring that the modifications at the chromatin levels are under control of incoming signals. But although alterations of DNA methylation are clearly associated with neuronal activity and subsequent plastic transcriptional responses, little is known about upstream regulators of DNA methylating and demethylating enzymes in the CNS. One of few examples is the control of Dnmt3a expression in the CA1 field of the hippocampus, which depends on protein kinase C (PKC) activated mitogen-activated protein kinase 1 (ERK/MAPK1)-signaling. ERK-signaling is one of the most important pathways influencing synaptic plasticity (Levenson et al. 2006) . In the erythroleukemia cell line K562, DNMT1 expression is activated in response to interleukin 6 (IL6) (Hodge et al. 2001 ) that activates Janus kinase/signal transducer and activator of transcription (JAK1/STAT3)-, phosphatidylinositol 3-kinase/thymoma viral proto-oncogene (PI3K/AKT)-, and ERK1/2-signaling. Further correlative evidence for IL6-mediated control of DNA methylation comes from methamphetamine consuming animals. In the nucleus accumbens, methamphetamine exposure can both increase and decrease DNMT1 expression (Numachi et al. 2007) , suggesting that inflammatory cytokines and associated signaling pathways might converge on epigenetic modifiers. These data support emerging evidence that DNMTs are under control of different signaling pathways. However, to the best of our knowledge, it is not clear what pathways will regulate DNA demethylating enzymes. Thus, little is known about upstream regulators, although these might constitute an important molecular link between environmental influences modulating neuronal activity, and sustained alterations of transcriptional programs by impinging on chromatin modifiers such as the Gadd45 family.
Brain-derived neurotrophic factor (BDNF)-and transforming growth factor beta (TGFB)-signaling pathways are prominent candidates to constitute such a link between environment and chromatin, as they are known to be involved in physiological signaling in the CNS. In addition, they are involved in pathophysiological signaling in major depressive disorders or targeted by specific anti-depressant drugs (Lacmann et al. 2007; Wang et al. 2015; Wei et al. 2015; Li et al. 2016) . Both Bdnf and Tgfb transcription is under control of DNA methylation, and altered CpG methylation of Bdnf is observed in major depressive disorders (Archey et al. 1999; Kang et al. 1999; Guo et al. 2012; Wang et al. 2013; Bian et al. 2014; Chagnon et al. 2015; Choi et al. 2015; Januar et al. 2015) . Alteration of DNA methylation patterns in response to TGFB-signaling has also been observed (You et al. 2010; Neveu et al. 2015) . Especially expression of DNMTs is under control of TGFB signals in both physiological and pathophysiological systems (Zhang et al. 2011; Li et al. 2013a; Pan et al. 2013; Cardenas et al. 2014; Bu et al. 2015; McDonnell et al. 2016) . The role of TGFB in regulation of DNA demethylation seems to be unexplored as of yet, although this might be implicated in activation of p15ink4b expression in epithelial cells. In this model system, TGFB signals displace a DNMT3A/CoREST repressor complex and recruit activating factors, among which are 2 components of DNA demethylating complexes, namely thymine DNA glycosylase (TDG) and activation-induced deaminase (AID) (Thillainadesan et al. 2012) .
In this study, we show that neuronal stimulation of hippocampal neurons leads to increased TGFB expression and release. Genome-wide transcriptomics revealed that neuronal activation leads also to increased expression of chromatinmodifying enzymes especially of the DNA demethylases of the Gadd45 family. We deduced that TGFB and BDNF together regulate the expression of Gadd45 family members. Using genomewide sequencing of methylated CpG we demonstrated that 89.7% of all differentially methylated regions show decreased methylation levels, which is in accordance with increased expression of DNA demethylating enzymes. We retrieved 6 activity and mood disorder-related genes, which were demethylated and increased transcriptionally after neuronal stimulation. Out of these, Arc and Map3k5 are of particular interest, as their expression is modulated by TGFBR2 and SMAD4. Strikingly, in a mouse model of depression after unpredictable chronic mild stress (UCMS) we observed decreased transcription of all Gadd45 members as well as Arc, suggesting that DNA demethylation might also influence transcription of mood disorder susceptibility genes in vivo.
Materials and Methods
Mouse Hippocampus Dissection, Culture of Neurons, and KCl Stimulation C57BL/6J (Janvier Labs, France) hippocampi of E18.5 embryos were dissected and collected in 15 ml Hanks' Balanced Salt Solution (HBSS, PAA, Germany). After centrifugation (5 min; 800×g) hippocampi were dissociated by adding 1 ml 0.05% trypsin-ethylenediaminetetracetic acid (PAA) at 37°C for 15 min. After adding 1 ml of fetal bovine serum (FBS, Life Technologies) and 1 ml of neurobasal (NB) medium supplemented as previously described (Vezzali et al. 2016) samples were homogenized by repeated passages through a pipette tip. After 10 min centrifugation at 1000×g, cells were resuspended in complete NB medium containing 22 μM L-glutamic acid (Sigma, Germany), counted, and seeded on poly-ornithine (0.1 mg/ml, Sigma) and laminin (1 μg/ml, Sigma) coated plates. Medium change was performed every 96 h by exchanging half of the volume of the medium with fresh NB medium with complements and AraC (1 μg/ml for the first, and 0.5 μg/ml for the second medium change, Sigma). At day in vitro (DIV) 11 cells were treated with 55 mM KCl at 37°C, 5%CO 2 at different time points before harvesting.
Mice and UCMS
About 6 weeks old male BALB/c mice (Janvier Labs, France) were housed in the animal facilities 2 weeks before the onset of the experiment. On arrival, the animals were maintained under standard laboratory conditions and housed in groups of 5 under a 12 h/12 h light/dark cycle (lights on at 9 pm), 21 ± 2°C, food and water ad libitum. Mice were then divided into 2 groups: n = 12 control (not stressed) and n = 12 stressed mice. At the beginning of the experiment, stressed mice were isolated into individual home cages (8.5 × 22 cm) with no physical contact with other mice in order to prevent them from injuries related to UCMS-related aggression. Control mice remained in the same group of 5 animals per cage (21 × 38 cm) during the entire experiment. Stressed mice were submitted to the UCMS treatment for a period of 9 weeks.
The stress protocol used was previously described by Santarelli et al. 2003 and Ducottet and Belzung 2004 . Mice were daily subjected to various stressors usually in the morning and in the afternoon according to a semi-random schedule for 9 weeks. The stressors used were dampened sawdust, substitution of sawdust with water at 21°C, removal of sawdust, tilting the cage by 45°C, restraint stress, repeated changes of sawdust, alterations of the light and dark cycle, placing a mouse into a cage that has been occupied by another mouse, and predator sounds.
Gadd45b-KO and Tgfbr2-cKO mice were previously described (Lu et al. 2004; Hellbach et al. 2014 ).
Behavioral Tests
Coat condition was evaluated for head, neck, dorsal coat, ventral coat, tail, front and hind paws and genital areas. Each area was scored (0 = good condition; 1 = bad condition (disordered, piloerection)) and summed up for each area as described (Santarelli et al. 2003; Ducottet and Belzung 2004; Le François et al. 2015) .
In the nest test, a piece of Nestlet (PLEXX, Netherlands) (5 × 5 cm, 3 g) was placed in the cage (8 am) and nest-building scored 24 h later (Deacon 2006 ) (with 1 = square untouched; 2 = partially torn (50-90% intact); 3 = shredded without nest site; 4 = flat nest and 5 = perfect nest (Nollet et al. 2013; Le François et al. 2015) ).
The splash test, performed under a red light (230 V, 15 W), consists of spraying a 10% sucrose solution on the dorsal coat of a mouse in its home cage. Because of its viscosity, the sucrose solution dirties the mouse fur and animals initiate grooming behavior. After applying sucrose solution, the time spent grooming was recorded for a period of 1 min as an index of self-care and motivational behavior (Isingrini et al. 2010 ).
Pharmacological and Lentiviral shRNA-mediated Interference
Hippocampal neurons were treated with TrkB-FC (0,4 μg/ml; Tocris Bioscience, UK) and/or 20 μM SB431542 (R&D Systems, USA) for 24 h, respectively. Treatment with 10 μM Nitrendipine (Tocris Bioscience, UK) was performed simultaneously to KCl stimulation for 4 h. Lentiviral particles production and infection of cells and shRNAs (shCtrl, shTGFbRII and shSMAD4) were performed as described (Hellbach et al. 2014; Vezzali et al. 2016) . Cells were infected using 1.25 infecting units (IFU)/cell.
Immunocytological Stainings and Immunoblot
Hippocampal cells were plated at a density of 30.000 cells/cm 2 on poly-ornithine and laminin coated coverslips, treated pharmacologically and/or with 55 mM KCl, and fixed with paraformaldehyde 4% 20 min at room temperature. Immunocytochemistry and immunoblot was performed as described (Hellbach et al. 2014; Vezzali et al. 2016 ). The following antibodies were used: anti-SMAD2,3 (#8685, 1:100, Cell Signaling Technology, USA); anti-SMAD4 (#9515, 1:100, Cell Signaling Technology, USA); anti-TGFB2 (#ARP44743, 1:100; AVIA Biosystems, USA); anti-CREB. (#86B10, 1:100, Cell Signaling Technology, USA); anti-MAP2 (ab32454, 1:100, Abcam, UK); anti-CamKII (ab22609, 1:200, Abcam, UK); anti-GAD67 (MAB5406, 1:100, Millipore, USA); anti-GADD45b (AV48346, 0.25 μg/ml, Sigma-Aldrich, USA).
Transcriptional Analyses
About 100.000 cells/cm 2 were plated for biochemical assay on poly-ornithine and laminin coated plates. After pharmacological and/or 55 mM KCl treatments cells were lysed and RNA isolated using TRIzol® (Thermo Fisher Scientific, USA) according to the manufacturer's protocol. When necessary the RNA was treated with DNAse (#AMPD1, Sigma, USA) as described in the manufacturer's protocol. cDNA synthesis, quantitative realtime PCR (sequences of primers are available in Supplementary  Table S2 ) and subsequent data analyses were performed as described (Vezzali et al. 2016) . One-way ANOVA, 2-way-ANOVA and student's t-test were performed with GraphPad Prism 5 or 6 (GraphPad Software, USA). Affymetrix microarray data (Mouse Gene ST 2.0 arrays) were generated and analyzed by Genomics Core lab headed by Dr. Dietmar Pfeifer (Universitätsklinikum Freiburg). Heatmap representation was generated by Python 3 using following packages: matplotlib, numpy and pandas.
MeDIP and Bioinformatical Analyses
MeDIP-seq and peak finding of differentially methylated regions was performed by Active Motif (USA) for n = 3 per condition. Input was pooled over all samples. Data are available at GEO with the following accession number GSE90513.
Further MeDIP-seq analyses were performed on the Galaxy server Freiburg (http://galaxy.uni-freiburg.de) (Blankenberg et al. 2011 ). The workflow is displayed in Supplementary Figure S5 . Inputs in fastq format were mapped to UCSC-main GRCm38/mm10 (Rosenbloom et al. 2015) by Bowtie2 (Langmead and Salzberg 2012) . Bam files were sorted by chromosomal coordinates (Li et al. 2009 ) before removing duplicates with Picard's MarkDuplicates (http://broadinstitute.github.io/picard/) and subsequent analysis. MeDIP and input signal are normalized in log 2 (ratio of the number of reads) by bamCompare. Matrix calculation of bigwig files were performed by computeMatrix and passed to heat mapper for k-mean clustering and plotting (Ramirez et al. 2014) . For genome-wide display UCSC-main RefSeq GRCm38/mm10 (Rosenbloom et al. 2015) was used as region file for bamCompare. For quality control of the sequencing results we performed FastQC for high throughput sequence data (Andrews 2010) . CG bias was controlled by computeCGBias. MeDIP to input performance was controlled by bamCorrelate and bamFingerprint (Ramirez et al. 2014) . HOMER (Heinz et al. 2010 ) was used to annotate genes to gene ontology groups.
Results

Activity-Dependent Increase in Transcription and Secretion of TGFB Ligands in Hippocampal Neurons
Hippocampal neurons were harvested from E18.5 mouse brains and cultured for 11 days in vitro (DIV). On DIV11, we treated the cultures with 55 mM KCl at different time points 30 min to 6 h before harvesting (Fig. 1A) . Using qRTPCR we assessed transcriptional changes of the Tgfb ligands and receptors. Tgfb2 and Tgfb3, but not Tgfb1 transcription increased following depolarization with a 4-6 h delay (Fig. 1B) . The expression of both Tgfbreceptors (Tgfbr1 and Tgfbr2) did not change under these conditions (Fig. 1C) . We assessed the release of TGFB ligands using the MLEC-assay (Abe et al. 1994 ) and revealed that 4 h after KClinduced depolarization hippocampal neurons secreted significantly more TGFB (Fig. 1D ). We observed increasing levels of TGFB2 4 h to 6 h after KCl treatment with immunostainings of fixed hippocampal neurons (Fig. 1E ). KCl treatment induced Bdnf transcription, which we confirmed in our assay 4 h after depolarization as well (Fig. 1F ). Immunostaining using anti-CAMKII and -GAD67, respectively, revealed that mostly CAMKII-positive pyramidal neurons, but not GAD67-expressing interneurons had increased levels of TGFB2 (Fig. 1G ). Taken together, the data suggested that neuronal activity affects not only BDNF-but also TGFB-signaling through increased transcription and release of TGFB ligands.
Activity-Dependent Alteration of Transcription of Chromatin-Modifying Enzymes in Hippocampal Neurons
The delayed transcriptional response to the depolarizing KCl stimulus suggested that alterations at the chromatin level might be involved. To study transcriptional changes after depolarization we employed a microarray screen comparing cDNA from control cells and from neurons harvested 4 h after KCl treatment. In total, we revealed 3369 differentially expressed genes, 54 of which fall into a cut-off of log 2 (fold change) of −2 to +2 and a P-value of P ≤ 0.05 ( Fig. 2A) . The highest expressed genes are Fosb and Fos, both of which are immediate early activated genes under conditions of neuronal activity, confirming the validity of our approach. In addition, we noticed several chromatin-modifying enzymes among the differentially regulated genes. Among the 54 shortlisted genes we identified the DNA demethylases Gadd45b, Gadd45g, and the suppressor of variegation 3-9 homolog 2 (Suv39h2) (Fig. 2B) . The Tet2 and Tet3 enzymes and further histone modifying enzymes affecting acetylation (sirtuin 7 (Sirt7)) and methylation (enhancer of zeste 2 (Ezh2)), chromobox 8 (Cbx8), lysine (K)-specific demethylase 3A (Kdm3a), Kdm7a, protein arginine N-methyltransferase 6 (Prmt6), SET domain, bifurcated 1 (Setdb1), Kdm4a, lysine (K)-specific methyltransferase 2B (Kmt2b) also displayed altered expression levels below our threshold, indicating that the transcriptional landscape might be epigenetically adapted at multiple levels in response to neuronal activity. DNA methylation and demethylation are affected by activity-dependent neuronal responses and are implicated in learning and memory. However, our understanding about how DNA demethylating enzymes such as the Gadd45 and Tet families are involved in this process and especially how they are regulated is only partly understood as yet. We therefore validated expression of both gene families that affect DNA demethylation by assessing the kinetics of expression changes after different time points of depolarization of hippocampal neurons. In this paradigm, Gadd45a expression decreased in a fast response after 30 min and 1 h, but seemed to return to control levels at later time points. For Gadd45b and Gadd45g we observed a strong increase of transcription from 2 h onwards (Fig. 2C) . GADD45B protein levels increased significantly 4 h after KCl treatment as well (Fig. 2D,E) . From the Tet family members, which are also implicated in DNA methylation (Guo et al. 2011b) , only Tet3 expression increased significantly 6 h after KCl treatment (see Supplementary Fig. S1A ). Additionally, we monitored expression of the DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b in this treatment paradigm. Dnmt3a expression increased from 1 h onwards, whereas Dnmt3b expression decreased significantly 4 h after KCl treatment (see Supplementary Fig. S1B ). Taken together, we showed that stimulation of hippocampal neurons leads to a transcriptional alteration of DNA methylation-modifying enzymes. The strongest increase in expression was observed for Gadd45 members after a short lagging phase.
TGFB-and BDNF-Signals Control Expression of Gadd45 Family Members
KCl-induced depolarization was followed by alterations of the transcriptional program in hippocampal neurons, which included not only expression of important signaling molecules such as Bdnf and Tgfb but also increased transcription of DNA demethylating enzymes. Although expression of Bdnf is under influence of chromatin modifiers itself in neuronal activity paradigms, it is unclear whether BDNF and/or TGFB are able to regulate expression of Gadd45 in response to neuronal stimulation. Hence, we explored whether the expression changes of Gadd45 family members are influenced by BDNF and TGFB signals. Therefore, we blocked BDNF-signaling with a neurotrophic tyrosine kinase receptor type 2 (TRKB)-inhibiting antibody (TrkB-Fc), TGFBR1-mediated signaling with the activin A receptor, type II-like 1 (ALK1)/TGFBR1 inhibitor SB431542, or we used a combination of both. All blocking agents were applied 24 h before KCl treatment (Fig. 3A) . To confirm the blocking potential of the inhibitors used, we first assessed activation of downstream signals, such as phosphorylation of SMAD2/3, nuclear translocation of SMAD4, expression of TGFB2, and phosphorylation of cAMP responsive element binding protein (CREB). As expected, immunostaining for pSMAD2/3, SMAD4 and TGFB2 confirmed activation of the pathway after KCl treatment and impaired signaling after inhibition with SB431542 (Fig. 3B) . TrkB-Fc-treatment abolished immunostaining for pCREB in the nuclei of MAP2-positive hippocampal neurons, which was clearly visible upon KCl treatment (Fig. 3B ). Together this data confirmed reliable blocking of the respective signaling pathways using our treatment paradigm.
For Gadd45a transcription we did not reveal any influence of KCl-induced signals, TRKB-or TGFBR1-signaling (Fig. 3C) . In contrast, depolarization activated Gadd45b expression, which was slightly but significantly decreased by TRKB inhibition (Fig. 3D) . Interference with TGFBR1-signaling, however, increased Gadd45b expression in depolarizing conditions, suggesting that TGFB had a suppressive effect on Gadd45b expression. Simultaneous blocking of TRKB-and TGFBR1-signaling led to the highest expression of activity-dependent Gadd45b expression. Together these data implied that TGFBR1-signaling suppressed Gadd45b expression under depolarizing conditions. Under conditions of inactive TGFBR1-signaling we also observed an inhibitory effect of TRKB-signaling on Gadd45b expression (Fig. 3F) . Depolarization activated Gadd45g expression, which was not influenced by inhibition of TRKB-or TGFBR1-signaling alone (Fig. 3E) . However, the inhibition of both signaling pathways at the same time abolished the activity-dependent transcriptional induction completely. These data suggested that Gadd45g expression was activated through KCl-, TRKB-, and TGFBR1-signaling. In addition, the experiments revealed that TRKB-and TGFBR1-signaling compensate for each other in driving Gadd45g expression (Fig. 3F) . Tet1, Tet2, and Tet3 expression was not affected upon TrkB-Fc or SB431542 treatment (see Supplementary Fig. S1C-E) . Taken together, the expression of the Gadd45 family of DNA demethylating enzymes can be regulated by either BDNF-and/or TGFBR1-signaling pathways.
Different TGFB-Triggered Cellular Cascades Control Expression of DNA Modifying Enzymes
TGFB-signaling shows striking diversity on different levels, as diverse superfamily ligands can associate with different receptors and activate either non-SMAD or SMAD-dependent intracellular responses. In addition, SB431542 interferes with ALK1-and TGFBR1-activity and thereby blocks bone morphogenetic protein (BMP)-and Activin (INHB)-alongside TGFB-signaling. To unravel the implication of the eponymous TGFB family members in the transcriptional control of the Gadd45 family, we interfered with the expression of the TGFBR2, the only type II receptor used by the TGFB1, 2, and 3 ligands. To unravel involvement of the TGFB-pathway components and SMAD-signaling we used lentivirus-delivered shRNAs for Tgfbr2 and Smad4 in cultured hippocampal neurons under depolarizing and control conditions (Fig. 4A, Supplementary Fig. S1F,G) .
Knock down of SMAD4 led to an increased Gadd45a expression, in controls and to even higher levels of Gadd45a upon depolarizing conditions. However, knock down of TGFBR2 did not alter Gadd45a expression levels (Fig. 4B) , suggesting that SMAD4 was suppressing Gadd45a in a non-TGFBR1-and TGFBR2-dependent manner (Figs 3C and 4B ). Gadd45b expression increased significantly after SMAD4 knock down under control conditions, whereas interference with TGFBR2 did not have an observable effect. We revealed significantly higher levels of Gadd45b transcription under depolarizing conditions. However, interference with either SMAD4 or TGFBR2 did not reveal significant contribution of these signaling components to the increase observed after depolarization (Fig. 4C) . Although not influenced after neuronal depolarization, Tet1, Tet2, and Tet3 expression decreased upon TGFBR2 and SMAD4 knock down, implicating a general involvement of TGFB-signaling in expression of these DNA demethylases (see Supplementary  Fig. S1H-J) . Taken together with the results observed after pharmacological inhibition, we revealed inhibitory effects of SMAD4 on Gadd45b expression, whereby TGFBR1-but not TGFBR2-dependent signaling might be involved. Gadd45g expression did Immunocytochemical stainings of pSMAD2/3, SMAD4, TGFB2, and pCREB/MAP2 of control, 4 h KCl-stimulated, inhibitor-treated cells (either SB431542 or TrkB-Fc), and KCl stimulation in the presence of inhibitor revealed that inhibitor treatment efficiently blocked the intracellular activation of both pathways. Scale bar: 10 μm.
Transcriptional response of (C) Gadd45a, (D) Gadd45b, and (E) Gadd45g after KCl treatment and in presence of either TrkB-Fc, SB431542 or both using qRTPCR. Results are shown as fold change, 2-way ANOVA, Tukey correction for multiple testing, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3 or stated otherwise. (F) Schematic summary of the cooperative actions of KCl, TRKB and TGFBR1. Gadd45b expression increased under depolarizing conditions using KCl stimulation, TRKB inhibition had a mild repressive effect, and TGFB inhibition had a mild increasing effect. Simultaneous blocking of BDNF-and TGFB-signals increased Gadd45b expression. Gadd45g expression is activated by KCl, BDNF-, and TGFB-signals. Both TRKB-and TGFBR1-signaling activate Gadd45g expression in depolarizing conditions, and they use different downstream pathways as only simultaneous blocking of both pathways interferes with KCl-induced transcriptional increase of Gadd45g.
not change significantly after TGFBR2 or SMAD4 knock down in control condition. Knock down of both components did not significantly reduce the response to the KCl stimulus (Fig. 4D ). Since Gadd45g expression was obviously controlled by TRKBand TGFBR1-signaling (Fig. 3E) , redundant activity of TRKB/ BDNF-signaling might conceal the influence of TGFBR2 and SMAD4 on Gadd45g.
Together the data suggested that eponymous TGFB-signaling is implicated in expression control of DNA demethylating enzymes, by repressing Gadd45a and Gadd45b transcription, and downstream signals activate SMAD-dependent pathways.
In contrast, interference with Ca 2+ -induced signaling upon pharmacological blocking with Nitrendipine had no direct influence on Gadd45a, b, and g as well as Tet1, 2, and 3 expression (see Supplementary Fig. S2A-F ).
Autism and Depression-Associated Genes Have Altered DNA Methylation and Expression Levels in Response to Depolarization
KCl treatment led to changes in expression levels of Gadd45 family members depending on BDNF-and TGFB-signaling. To study the biological relevance of altered expression of DNA demethylases, we analyzed the status of DNA methylation of KCl-treated or non-treated hippocampal neurons by methylated DNA immunoprecipitation (MeDIP) and subsequent genome-wide sequencing. These analyses revealed 1944 differentially methylated genomic regions. In accordance with the increased expression levels of DNA demethylating enzymes Gadd45b and g after KCl treatment, the MeDIP analysis revealed that 89.7% of the differentially methylated loci had decreased methylation levels (Fig. 5A) . For genome-wide analysis of the data, we mapped the methylated regions onto the mouse genome. However, this revealed no obvious differences in the global pattern of DNA methylation upon KCl treatment (see Supplementary Fig. S3 ). This is in accordance with other reports in which bisulfite sequencing revealed highly site-specific alterations of DNA methylation in contrast to global hyper-or hypomethylation events (Guo et al. 2011a) . We further mapped the methylated regions on the genes that were differentially expressed upon KCl stimulation as revealed by microarray transcriptome analysis ( Fig. 2A) . This narrowed gene set also did not show obvious differentially methylated regions upon KCl depolarization (Fig. 5C ). Together these data indicated that depolarization did not change DNA methylation on a largescale at CpG islands. The differentially methylated regions were rather within smaller, specific CpG units, which are not resolved by the representation in heatmaps. We overlapped the genes with differential methylated regions and altered transcription and revealed 218 genes that were both differentially methylated and expressed. 3151 genes showed altered expression levels, but no changes in methylation, and 1726 regions were differentially methylated without significant different transcription levels (Fig. 5B) .
To identify biological processes affected by methylation and transcription, we performed GO term analyses on the differentially methylated regions (MeDIP), the differentially expressed genes (transcriptome), and on the 218 differentially methylated and expressed genes (overlap) (Fig. 5D ). In the overlap we identified that the respective genes were associated with transcriptional control, signal transduction, and nervous system development and function. We shortlisted all candidates falling into the categories indicated in Figure 5D for the overlap, which decreased the number of genes of interest to 79 (see Supplementary Table S1 ). Within this set of genes we identified 15 genes with increased expression after KCl treatment within a cut-off of expression level of log 2 (fold change) of 2. About 6 of these genes are associated with psychiatric diseases, which are characterized by disturbed neuronal activity, such as autism or depression (Daviss et al. 2013 ; Figure 4 . Transcription of Gadd45 family members is SMAD4-dependent, under basal and activity conditions. (A) Scheme of lentiviral transfection, selection through puromycin, and KCl treatment. qRTPCR analyses after infection with either scrambled (shCtrl), or shRNAs against Tgfbr2 (shTGFβRII) or Smad4 (shSMAD4), 4 h after KCl treatment or without KCl stimulation of (B) Gadd45a, showing that SMAD4 suppressed Gadd45a expression under basal and activity conditions, (C) Gadd45b, showing that SMAD4 suppressed Gadd45b expression under basal, but not under activity condition, (D) Gadd45g, showing that TGFB-signaling alone was not activating Gadd45g expression. Given is the fold change, 2-way ANOVA with Tukey correction for multiple testing, *P < 0.05, **P < 0.01, ***P < 0.001, n = 4. Scaling of methylated region is given as log2(ratio number of reads), whereby highest values are blue (2) and lowest red (−1.5). Heatmap was displayed in 5 clusters (1-5) after k-means analyses. No gross differences in the pattern with and without KCl treatment indicated that loss of methylation did not affect large regions but might be confined to single CpGs. (D) GO term analyses of the differentially methylated regions (MeDIP), the differentially expressed (transcriptome), and the overlap of 218 genes (overlap). Given are the numbers of genes that are assigned to the most relevant GO-terms ranked according to the P-value. (E) Representation of the differential expression according to microarray hybridization (left) and distribution of the number of sequencing reads at the respective genomic loci which was associated with the gene and displayed different methylation (right) 4 h after KCl stimulation (red) or control condition (green). Given are the fold change of expression, the chromosomal position according to UCSC mm10 and the MeDIP mapped reads. The data confirmed differential expression and methylation at disease-relevant genes after KCl treatment. (F) qRTPCR validation of expression changes of disease-relevant genes 4 h after KCl treatment (black bars) or control condition (white bars), indicating that all genes transcriptionally increased by neuronal activity. Given is the fold change, student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3-6. Di Benedetto et al. 2013; Li et al. 2013b; Dyrvig et al. 2015; Sokolowski et al. 2015; Liu et al. 2016) . As indicated by the microarray data and the MeDIP profile, all genes revealed differential expression and differentially methylated regions after KCl treatment (Fig. 5E) . Thus, we validated expression changes of these 6 candidates, teashirt zinc finger family member 1 (Tshz1), forkhead box N3 (Foxn3), jumonji AT rich interactive domain 2 (Jarid2), period circadian clock 1 (Per1), Arc, and mitogen-activated protein kinase kinase kinase 5 (Map3k5), using qRTPCR. We confirmed that 4 h after depolarization expression of Tshz1, Jarid2, Per1, Arc, and Map3k5 significantly increased (Fig. 5F) .
Next, we analyzed whether expression of 3 candidate genes, namely Arc, Map3k5, and Per1 was regulated by TRKB-and TGFB-signaling. Using the inhibitors for TRKB-and TGFBR1-signaling described above we still detected increased Arc expression upon KCl stimulation (Fig. 6A) . In contrast, increased expression of Map3k5 under depolarizing condition was diminished after TGFBR1-inhibition and decreased to control levels when we inhibited TRKB-and TGFBR1-signaling simultaneously (Fig. 6B) . Increased expression of Per1 after KCl treatment persisted despite of interference with TRKB-and TGFB-signaling (Fig. 6C) . Using the shRNA-mediated knock down of TGFBR2 and SMAD4, we observed that the transcriptional increase of Arc upon KCl depolarization was less, but still more than 5-fold. This finding showed that TGFB-signaling might be of minor relevance for Arc expression in conditions of neuronal activity (Fig. 6C) . Knock down of TGFBR2 and SMAD4 reduced the KCl-induced increase of Map3k5 transcription to basal levels, corroborating that TGFBR2 and SMAD-signaling are both involved in Map3k5 transcriptional control (Fig. 6D) . Increased expression of Per1 upon KCl stimulation depended on presence of the TGFBR2 (Fig. 6F) . The expression of Tshz1 and Jarid2 was not affected upon TGFBR2 and SMAD4 knock down (see Supplementary Fig. S3C ).
Gadd45 Family Members and Arc Expression is Decreased in the Hippocampus of Mice in a Depression Model
Next we asked if our finding of altered expression of Gadd45 family members and of psychiatric disease-associated genes might also be observed in vivo in a mouse model system of depression. Frequent exposure of mice to UCMS is one method to induce depression-like behavior in mice. We applied this UCMS paradigm to adult mice, induced depression-like behavior (see Supplementary Fig. S4A-C) , and assessed transcriptional changes of stressed, depressed mice in comparison to control mice in the hippocampus, the prefrontal cortex, and the hypothalamus. Corroborating our in vitro observation based on cultured hippocampal neurons, expression of Gadd45a, b, and g was also significantly reduced in the hippocampus and the prefrontal cortex of UCMS mice (Fig. 7A,  Supplementary Fig. S4E ). In the UCMS hypothalamus Gadd45a and g expression was not changed, whereas Gadd45b expression increased (see Supplementary Fig. S4F ). We next tested whether expression of the disease-associated genes, Tshz1, Foxn3, Jarid2, Per1, Arc, and Map3k5 had different expression Figure 6 . TRKB-and TGFB-signaling are implicated in Map3k5 but not in Arc expression control. qRTPCR analyses of (A) Arc, (B) Map3k5, and (C) Per1 after pharmacological inhibition of TRKB (TrkB-Fc) or TGFB (SB431542) 4 h after KCl treatment or under control condition. The data indicate that increased Arc and Per1 transcription after KCl treatment is not involving BDNF-or TGFBR1-signals, but that the increase of Map3k5 transcription after KCl is impaired by blocking both signaling pathway simultaneously. qRTPCR of (D) Arc, (E) Map3k5, and (F) Per1 after shRNA-mediated interference with Tgfbr2 (shTGFβRII) or Smad4 (SMAD4) compared to scrambled (shCtrl) 4 h after KCl treatment (black bars) or in control condition (white bars). The data indicate that Arc expression did not depend on TGFB-signaling under basal condition and that the strong increase in neural activity was maintained but was less strong with impaired TGFB pathway. Map3k5 expression was independent on TGFB under basal conditions but KCl-mediated increase was prevented when TGFB-signaling was impaired. Per1 expression did not depend on TGFB-signaling under basal conditions, but increase after KCl depolarization depended on expression of TGFBR2. Results are shown as the fold change, 2-way ANOVA with Tukey correction for multiple testing, *P < 0.05, **P < 0.01, ***P < 0.001, n = 4. levels in the UCMS mice. Out of these we revealed that only Arc was significantly less expressed in UCMS compared to control mice (Fig. 7B) . Interestingly, also expression of TGFB family members is decreased in this paradigm. Whereas expression of Tgfbr1 and 2 was unchanged (Fig. 7C) , we observed decreased expression of the 2 ligands Tgfb2 and 3 (Fig. 7D) . The expression on Tgfb2 and 3 was opposite to the neuronal activity paradigm, a condition in which Tgfb2 and 3 expression increased (Fig. 1B) . However, in the prefrontal cortex and hypothalamus Tgfbr1 and 2 as well as Tgfb1, 2, and 3 showed more complex expression patterns (see Supplementary  Fig. S4E,F) .
Our data suggested that the TGFB pathway is regulating Gadd45 expression and that Gadd45b is one component that affects expression of disease-relevant genes. We therefore analyzed expression changes of our selected candidate genes in 2 in vivo models. To analyze the in vivo impact of TGFB-signaling on Gadd45 family members and the disease-associated genes, we used E13.5 Tgfbr2-cKO and control animals. We generally observed decreased expression of Gadd45 family members and the disease-associated genes in Tgfbr2-cKO mice (see Supplementary   Fig. S4G ). However, only Gadd45b and Per1 expression changes reached significance.
To validate our notion that GADD45B affects expression of psychiatric disorder-related genes, we analyzed their expression in adult hippocampi of Gadd45b-KO mice (Fig. 7E) . Indeed, the expression of Foxn3a, Jarid2, and Arc decreased upon Gadd45b-KO. Together, these findings indicate that TGFBsignals and GADD45B expression are implicated in transcriptional control of genes, whose derailed activity hallmarks a subgroup of psychiatric diseases.
Discussion
Our study shows that expression of Gadd45 family members is adjusted in response to KCl/depolarization, BDNF/TRKB, and/or TGFB-signaling. Additionally, we indicate decreased Gadd45 expression in a mouse model of depression, and that Gadd45b expression and DNA demethylation activate Arc transcription (Fig. 7F) .
KCl depolarization leads to increased expression of Bdnf and Tgfb ligands. The 3 components KCl-, BDNF-, and TGFB-signaling, Figure 7 . Tgfb ligands, Gadd45 family members and Arc have reduced expression in a mouse model of depression. qRTPCR analyses of the adult hippocampus of UCMS (depression, black bars) and control (ctrl, white bars) mice for (A) Gadd45a, b, and g, (B) disease-associated genes Tszh1, Foxn3, Jarid2, Per1, Arc, and Map3k5, (C) Tgfbr1 and 2, (D) Tgfb1, 2, and 3 ligands. The data indicate that after UCMS expression of Tgfb2 and 3, all Gadd45 members and of Arc decreased, whereas transcription of other disease-associated genes is unchanged. (E) qRTPCR analyses of the adult hippocampus of Gadd45b-KO (black bars) and control (ctrl, white bars) mice for Gadd45b, Tszh1, Foxn3, Jarid2, Per1, Arc, and Map3k5 (n = 3). GADD45B-deficiency decreased Foxn3, Jarid2, and Arc expression. (F) Schematic summary of the main findings that increased expression of Gadd45b and g results in decreased DNA methylation at specific loci, and increased expression of psychiatric susceptibility genes, such as Arc. Results are shown as the fold change, student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001, n = 6. act then in concert to regulate the expression of Gadd45. Indeed, our data suggest synergistic and individual modes of transcriptional regulation (Fig. 3F) . KCl-signaling seems of minor importance for Gadd45a expression, which in turn depended on presence of SMAD4. The upstream signals that activate SMAD4 are not triggered by the eponymous TGFB ligands, as Gadd45a expression was not sensitive to inhibition of the TGFBR1 or to Tgfbr2-knock down. We did not detect the respective upstream stimulus in this study, but we hypothesize that Activin and/or BMP-ligands might activate SMAD4. It has been shown that depolarization alters effects of Activin, BMP2, and BMP6 in sympathetic neurons (Fann and Patterson 1994) , and that LTP increases Activin expression in the hippocampus and in the cerebral cortex (Andreasson and Worley 1995; Inokuchi et al. 1996) . Thus, Activin and BMP are possible candidates to regulate Gadd45a expression in active neurons. In support of this notion, the BMP-SMAD axis has been shown to alter DNA methylation and expression of Tet1/2 and Dnmt3a/b in mouse embryonic stem cells (Gomes Fernandes et al. 2016) .
In contrast to Gadd45a, KCl-induced depolarization activated Gadd45b transcription and translation. Our data support a minor activating effect of TRKB-mediated signaling, and an inhibiting effect of TGFB-signaling (Fig. 3F) . The inhibiting effect dominates upon simultaneous inhibition of TGFB-and TRKBsignaling, a condition in which Gadd45b expression increased upon neuronal stimulation. KCl-mediated transcriptional activation of Gadd45b dominated over the inhibitory effects of SMAD4 and led to increased expression levels even upon knock down of Smad4. This data indicates that transcriptional regulation of Gadd45b is controlled by multiple stimuli, and that the balance between the different stimuli determines the transcriptional outcome. Our in vivo analyses of Gadd45b expression in Tgfbr2-cKO mice are in support of this notion. In these animals we observed decreased expression of Gadd45b, despite our observation that in vitro TGFB-signaling has a mild suppressive effect. Clearly, the in vivo context is much more complex with regard to possible cross-talks between signaling pathways that impinge on transcriptional control of individual genes than in vitro systems. Also, the cellular composition in vivo is much more complex and thus defines a more complex environment than in vitro systems. Therefore, it will be important to decipher further molecular components that are involved in transcriptional control of Gadd45b, also in conditions of impaired TGFB-signaling, in vivo in future experiments.
Gadd45g expression increased in response to KCl, BDNF, and TGFB. BDNF and TGFB activate redundant but non-overlapping downstream signals to transcriptionally induce Gadd45g. Consequently, both pathways have to be blocked simultaneously at receptor levels to influence KCl-mediated Gadd45g expression (Fig. 3F) . The different response to activity, BDNF, and TGFB on Gadd45 expression is not surprising since function of the highly homologous GADD45 protein members is similar, but still varies under different physiological conditions and cell types (Tamura et al. 2012) . Although ubiquitously expressed in normal adult and fetal tissues, areal and temporal expression differences between the individual Gadd45 family members are detected in mouse CNS, as well as in other organisms (Kearsey et al. 1995; Matsunaga et al. 2015) . Gadd45 members exhibit multiple roles during development and plasticity due to their mutual demethylation activity (Ma et al. 2009a ). For instance, Gadd45a mutant mice exhibit exencephaly, whereas Gadd45g knockout mice, partly due to functional redundancy, do not show such a phenotype (Hollander et al. 1999; Hoffmeyer et al. 2001 ). Gadd45b, but neither Gadd45a nor g, has been identified as human psychosis-inducing gene (Gavin et al. 2012 ). Gadd45a and Gadd45b are involved in neurite outgrowth (Ma et al. 2009b; Sarkisian and Siebzehnrubl 2012) , but only knockout of Gadd45b induces abnormal phenotypes of hippocampal-dependent long-term memory (Leach et al. 2012; Sultan et al. 2012) . Together, the data indicate important functional differences among Gadd45 family members, and our analysis of upstream signaling pathways shows that expression of Gadd45 family members is also underlying gene-and region-specific regulative mechanisms.
In search for biological effects of altered Gadd45 expression after neuronal depolarization, we identified several candidates among the differentially transcribed and differentially methylated genes, which are associated with psychiatric diseases. It is likely that CpG units in the vicinity of Tshz1, Jarid2, Per1, Map3k5, and Arc are demethylated because of increased expression of the DNA demethylating enzymes Gadd45b and g. A possible regulative connection between Gadd45b and some of these genes is also supported by our in vivo data deriving from Gadd45b-KO hippocampus tissue, in which loss of GADD45B significantly decreased Foxn3, Jarid2, and Arc expression. Thus, lack or reduction of neuronal activity, which are hallmarks of neurons in patients suffering from psychiatric diseases, are likely to result in reduced expression of these genes. To test this hypothesis we analyzed expression of Gadd45 enzymes affecting DNA methylation and depression-associated genes in an in vivo mouse model for decreased neuronal activity after UCMS. We showed that Gadd45b and g transcription increased upon neuronal stimulation in vitro, and decreased in the in vivo model of depression. In vitro, we revealed that TGFB is an upstream modulator of Gadd45b and g expression. Our in vivo observation that TGFB2 and TGFB3 decreased also in UCMS can support the interpretation that sustained TGFB signals are involved in modulating Gadd45b and g expression in vivo in pathological conditions as well.
As our data clearly indicate that Gadd45 genes are expressed at lower levels in conditions of depression, it will be of immense clinical relevance to analyze methylation patterns and associated transcriptional alterations in defined cellular subpopulations. Such analyses might open up new routes for effective treatment of psychiatric diseases and to reverse pathological epigenetic signatures. The application of DNMT inhibitors may be a promising way to revert depression-like behavior. This is especially true in the light of our data that Arc transcription is under control of DNA methylation in response to activity, and that Arc transcription decreased in UCMS. Arc expression is highly associated with synaptic plasticity in learning and memory (Plath et al. 2006; Béïque et al. 2011) , experience (Ren et al. 2014) , and in pathological conditions such as early lifetime stress (Xie et al. 2013) , depression , or Alzheimer's disease (Rudinskiy et al. 2012) . Although Arc expression changes in neural activity (Toyoda et al. 2010; Yilmaz-Rastoder et al. 2011) , few upstream regulators have been identified so far. Overexpression of TET1 in the hippocampus resulted in increased Arc transcription alongside other immediate early activity genes (IEG) (Kaas et al. 2013 ), similar to loss-of-function models, in which these IEGs showed decreased expression. Our data are in line with this observation. In vitro, the Arc gene displayed higher expression and less methylation after neuronal depolarization, which could be accounted to increased levels of Gadd45b and g expression. In addition, the reduction of Gadd45a, b, and g might be responsible for the decreased expression of Arc in UCMS, which is further supported by Gadd45-KO that led also to a significant decrease of Arc transcription. Arc expression has been associated with BDNF-induced LTP (Kuipers et al. 2016) . However, our in vitro data on cultivated hippocampal neurons did not reveal altered expression of Arc in response to TRKB-or TGFB inhibition. Both observations might not be contradictory but reveal dynamic transcriptional Arc regulation. Kuipers et al. investigated immediate early effects 25 min after treatment, whereas our study focused on a late response 4 h after depolarization. MAP kinases are for example involved in increased Arc transcription in vivo in experienced-based learning models. But Arc expression only depends in part on MAP kinase activation, and other upstream signals must be involved to explain expression differences in different hippocampal cell populations (Chotiner et al. 2010) . Interestingly, our data revealed that increased expression of Map3k5 is both TGFB-dependent and associated with loss of DNA methylation. It might therefore be of interest to study whether Map3k5 is itself also implicated in controlling Arc expression.
We revealed reduced DNA methylation of Arc 4 h after depolarization, which indicated an epigenetic contribution to Arc expression in the context of neuronal hippocampal activity. Corroborating findings of a role of DNA methylation in regulation of Arc expression comes from 2 further studies that explored transcriptional changes after electroconvulsive stimulation (ECS) (Dyrvig et al. 2015) or in spatial learning/exploration paradigm (Penner et al. 2011) . Interestingly, Penner et al. revealed that Arc transcription increased after a short-term stimulation in the CA1 and dentate gyrus of the hippocampus. Exploration of DNA methylation led to the observation of spatial differences within both neuroanatomical regions and genomic DNA. Whereas in CA1 increased Arc transcription was associated with decreased methylation in the promoter, methylation increased within the gene body. The opposite was observed in the dentate gyrus, in which the promoter region had higher levels of methylated CpG islands, whereas the methylation was less in the gene body. This finding suggests that the transcriptional regulation of Arc might be complex and tissue-, cell-as well as context-dependent. The study of Dryvig et al. indicated that Arc and Dnmt3a transcription was increased 4 h after ECS. However, a decitabine treatment, which is a potent inhibitor of DNA methyltransferases, did not alter the transcriptional response of Arc following ECS. Therefore, Arc transcriptional control via DNA methylation might not be regulated through DNMTs. Our data now support a view that DNA demethylases, especially GADD45A, B, and G might be involved in the epigenetic changes regulating Arc gene expression in vitro in hippocampal neurons as well as in vivo in UCMS conditions.
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